This paper presents a design of a transmissive-type, low insertion loss (IL) negative group delay (NGD) circuit with a reconfigurable NGD. The proposed circuit consists of a series transmission lines (TLs) and shunt short-circuited coupled lines where an isolation port is terminated with a parasitic compensated PIN diode. Analytical design equations are derived to obtain the circuit parameters for the predefined NGD and IL. The low IL can be achieved because of the very high characteristic impedance of the short-circuited coupled lines. The TL terminated with a PIN diode is used to achieve the constant center frequency of reconfigurable NGD circuit. For experimental validation, the NGD circuit is designed and fabricated at a center frequency (f0) of 2.14 GHz. In the measurement, the NGD varies from -0.5 ns to -2 ns with an IL variation of 2.08 to 3.60 dB at f0 = 2.14 GHz. The NGD bandwidth (bandwidth of GD less than 0 ns) varies from 90 MHz to 50 MHz. The minimum input/output return losses are higher than 10 dB for the overall tuning range. This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. ⓒ
I. INTRODUCTION
The propagation of electromagnetic waves in dispersive media can be characterized by abnormal phases, group delays, and velocities [1, 2] . In a specific frequency band of an anomalous dispersion, the abnormal group delay velocity is observed to be greater than the speed of light in vacuum or even a negative value [3] ; this occurrence is defined as superluminal group velocity or negative group delay (NGD). NGD and NGD velocity are associated with each other. That is, the peak of the pulse envelope emerges from the medium at an instant before the peak of the pulse enters the medium.
Such a seemingly anti-causal phenomenon does not violate the principle of causality as the turn-on and turn-off points of the wave packet propagate with a positive delay in agreement with the causality requirements [4] . Theoretical and experimental investigations in the fields of electronic and microwave engineering have confirmed that different active and passive circuit topologies can generate the NGD phenomenon [5] [6] [7] [8] [9] [10] [11] [12] [13] . Moreover, researchers have been trying to find applications for NGD or the superluminal effect in various electronic circuits including enhancing the efficiency of a feed-forward amplifier, shortening delay lines, realizing non-Foster reactive elements, and minimizing beam-squint problems in series-fed antenna array systems [13] [14] [15] [16] [17] .
As NGD can be generated within a limited frequency band under a signal attenuation condition, various RLC resonatorbased NGD circuits have been presented in the literature [6] [7] [8] [9] . However, these conventional circuits have a fixed NGD. Efforts have been made to design a reflective-type reconfigurable NGD circuit using a 3-dB hybrid and RLC resonator [18] [19] [20] , which suffers from high insertion loss (IL). The IL in these works can be improved by increasing the characteristic impedance of the resonators and decreasing the value of R for the required NGD. However, the improvement of IL is limited because practically, implementing a high characteristic impedance (>130 Ω) microstrip line in PCB technology is difficult. A transmissive-type reconfigurable NGD circuit based on an open radial stub patch and a short-circuited stub with PIN diode is presented in [20] . To make a symmetrical structure, two units of NGD circuits are cascaded back to back, which increasing overall size and IL.
In this paper, a transmissive-type reconfigurable NGD circuit with low IL is demonstrated using a short-circuited coupled line and a PIN diode. Analytical design equations are derived to obtain the predefined NGD and IL. Fig. 1 shows the proposed structure of the reconfigurable NGD circuit, which consists of series transmission lines (TLs) and a shunt short-circuited coupled line where the isolation port is terminated with a variable resistor R. The characteristic impedance and electrical length of the series TLs are denoted as Z 0 and θ 0 /2, respectively. The even-and odd-mode impedances of the coupled line are represented as Z 0e and Z 0o , respectively. Z 0e and Z 0o are expressed in terms of the characteristic impedance Z c and the coupling coefficient C of the short-circuited coupled line as (1) .
II. ANALYTICAL ANALYSIS
Using circuit theory, the overall S-parameters of the proposed circuit are derived as (2) .
Moreover, f and f 0 are the operating and design center frequencies, respectively. Using the phase of S 21 , the group delay (GD) of the proposed circuit can be derived as (4).
where  
Finally, the S-parameters and GD at f = f 0 of the proposed circuit are simplified as (6) .
From (6c), the proposed circuit can generate NGD (GD < 0 ns) if R is given as (7) .
To validate the analysis, the calculated circuit parameters of the proposed reconfigurable NGD circuit are shown in with different Z c and R. As observed in Fig. 2 , the NGD and IL increased as R increases. Moreover, the proposed circuit can provide a low IL with the same NGD tuning range with high Z c , but the range of R is high for the same NGD. Fig. 3 shows the calculated NGD, IL, and input/output return losses according to the coupling coefficient (C) of the coupled line. As shown in Fig. 3 , a higher NGD with the same IL and input/output return losses can be achieved by decreasing C. Fig. 4 shows the calculated S-parameters and GD response of the proposed circuit. As shown in Fig. 4 , the NGD is reconfigured from -0.5 ns to -2 ns at f 0 = 2.14 GHz when R is To implement the proposed reconfigurable NGD circuit, R should be applied with the PIN diode, which functions as a current-controlled variable resistor at microwave frequencies. In this work, the PIN diode HSMP-4810 from Avago was used. Fig. 5(a) shows the equivalent circuit model of the PIN diode. The input impedance of the PIN diode HSMP-4810 is not purely resistance as shown in Fig. 5(b) , because of the parasitic components, which degrade the NGD performance of the reconfigurable NGD circuit at f 0 . To obtain reconfigurable NGD results consistent with the analytical circuit analysis, the parasitic components of the PIN diode is compensated using TL (Z 1 , θ 1 ) as shown in Fig. 6 [18] . To validate the proposed parasitic compensation method, the input impedances of the short-circuited coupled line with the ideal R and TL terminated with the PIN diode are shown in Fig. 7 . As shown in the figures, the imaginary part of the input impedances ( Fig. 6 ) at f 0 = 2.14 GHz are maintained at around zero, and reconfigurable real part of the input impedances is the same as the short-circuited couple line terminated with the ideal R. Fig. 8 shows the GD responses of the proposed reconfigurable NGD circuit with the ideal R and parasitic compensated PIN diode. The GD of the parasitic compensated PIN diode is almost the same as the analytical calculated results using (4).
III. SIMULATION AND MEASUREMENT
For experimental validation, the proposed circuit is designed, fabricated, and measured at f 0 = 2.14 GHz using the substrate RT/duroid 5880 with a dielectric constant of 2.2 and thickness of 0.787 mm. The goals are to achieve the GD variation of -0.5 ns to -2 ns and input/output return losses higher than 10 dB at f 0 . Based on the above design specification, the calculated circuit parameters are determined as Z c = 400 Ω, C = -17 dB, Z 0e = 65.80 Ω, Z 0o = 49.51 Ω, θ 0 = 70 o , Z 0 = 50 Ω, and R = 1.57 to 3.14 kΩ. The physical layout with the dimensions and a photograph of the fabricated circuit are shown Fig. 9 . Fig. 10 illustrates the simulated and measured GD and |S 21 | results. The measurement results agreed well with the simulation results. From the measurement, the GD is reconfigured from -0.49 ns to -2.02 ns with an IL variation of 2.08 to 3.60 dB at f 0 = 2.14 GHz when the bias voltage varies from 0.779 V to 0.66 V. The NGD bandwidths (bandwidth of GD < 0 ns) are achieved from 90 MHz to 50 MHz for the overall tuning range of GD. Fig. 11 shows the measured |S 11 | and |S 22 |, which vary from -14.12 to -10.01 dB for the overall GD range. Table 1 shows the performance comparison of the proposed circuit with the state-of-the-art. As shown in Table 1 , the proposed work has an IL of 3.60 dB when the GD is equal to -2 ns. However, the ILs-28.60 dB in [18] , 19 .50 dB in [19] , and 4.50 dB in [20] -are higher than that of the proposed work for the same GD (e.g., GD = -2 ns). Therefore, the proposed circuit provides a reconfigurable NGD with a low IL compared with the state-of-the-art [18] [19] [20] .
IV. CONCLUSION
This paper demonstrates a reconfigurable NGD circuit with a low IL using a coupled line and a parasitic compensated PIN diode. Both the analytical and experimental results validate the proposed circuit. To obtain consistent results with the analytical analysis, the parasitic components are compensated by using the TL terminated PIN diode. The measurement results agreed well with the analytically predicated and simulation results. The proposed circuit is expected to apply in various applications of microwave communication systems. 
